note that HFS gas fueling widened [3] the H-mode access space and reduced the power threshold somewhat in COMPASS-D, as compared with LFS fueling. Reported experiments with fueling poloidal location variations have been minimal from conventional aspect ratio tokamaks. We not that HFS fueling was about twice as efficient as LFS fueling during DIII-D ELMy H-modes [4] , although the gross fueling efficiencies were less than 1% in both cases. However in the NSTX discharges reported here, we found that the fueling efficiencies were comparable.
The present H-mode access scenario in NSTX uses LFS fueling for the gas pre-fill before t=0 and during the current ramp up prior to neutral beam initiation, which typically starts at t~0.1 sec. The LFS injection is usually terminated just before NBI turn-on, when HFS fueling is initiated. Due to the long tube used for HFS midplane injection, the efolding decay time of the flow rate [5] is ~ 0.55 sec, resulting in limited control of the fueling rate.
Motivated by these and other experimental results, a neoclassical transport theory revision was developed [6,7 and references therein] to examine the dependence of the momentum balance on the poloidal location of the gas injection source. The theory applies to the edge plasma within the neutral penetration depth from the last closed flux surface where the neutral concentration is in the range from 10 -4 to 10 -3 . This theory predicts that a spontaneous toroidal rotation in the counter plasma current direction will be observed in the absence of other momentum sources. With other momentum source (e.g. neutral beams), a rotation in the direction of the momentum source will be established. The rotation originating from the external torque is also strongly dependent on the poloidal location of fueling. The theory suggests that the charge-exchange viscous drag is higher for neutral sources on the LFS than the HFS, because the ions lost to charge exchange have the highest toroidal velocity (v j ) at the weakest toroidal field (B j ) point, i.e. the outer midplane. As a result, both the v j and radial electric field (E r ) have terms with 1/R * 2 (in fact the rotation from external torque has an 1/R * 4 term) where R * is the major radius at which gas fuels the plasma. This effect should be most apparent in a spherical torus because it features the largest variations in R * from the inner to outer midplane, e.g. for NSTX R * ~ 7.5.
Additional gas injectors at various poloidal locations were commissioned in NSTX to test this prediction and improve gas fueling control. Fig. 1 shows the four injector locations: HFS midplane (black), HFS top in upper corner (orange), outer midplane (blue), and lower X-point region (white). These injectors were used to fuel routine lowersingle-null, upper-single null, and double-null discharges with plasma current I P ~ 0.9
MA, toroidal field B t ~ 0.45 T, and 3.2 MW of neutral beam injected (NBI) power. The unfiltered light patterns from these discharges showed localized emission near the gas injector locations in the HFS fueling discharges in lower-single null configuration, and somewhat more diffuse fueling in double-null configuration and also with LFS fueling (see Fig. 2 ). Most of this visible light originates from D a recycling light, suggesting that the neutral density poloidal variation is affected by the choice of puff location. We do not quantify this variation in this paper, but merely use it as an indicator the neutral density poloidal distribution can be modified to qualitatively test the neoclassical theory prediction above.
The first three injectors were each used to fuel a lower-single null discharge during the neutral beam injection (NBI) phase, e.g. starting at t=0.08 sec in Fig. 3 . Prior to NBI (the pre-fill and during plasma current ramp-up), all of the gas fueling was injected with a separate outboard injector. The total gas input during NBI was well matched in the three cases, and the time dependence of the gas injection rate was reasonably well matched. In all three cases the line-average density at 0.243sec (i.e. the last Thomson scattering point before the L-H transition time from the HFS midplane discharges) was 2.3 X 10 19 m -3 , proving that that the fueling efficiency was similar from these injectors. In addition the n e , T e and P e radial profiles were nearly identical for all of these discharges at that time.
However the HFS midplane injector discharge (black trace) exhibited H-mode access at t=0.255 sec, whereas the other two discharges with LFS and HFS top fueling exhibited prolonged L-modes and early reconnection events.
Note that the reconnection time (t=0.260 sec) for the LFS fueled discharge in fig. 3 is, unfortunately, very close to the time of the transition for the HFS midplane discharge;
other LFS fueled discharges which avoided the reconnection for a longer time also did not exhibit an H-mode transition, but were missing edge rotation data, necessitating the use of the present LFS fueled discharge. We note that the other HFS midplane discharges in this configuration exhibited H-mode transitions from 0.252-255sec, suggesting that the discharge-to-discharge variations in wall conditions which can affect the time of the L-H transition, were minimal. For completeness, we refer the reader to an overview [8] of the NSTX wall conditioning program.
This experiment was conducted near the beginning of the 2003 run period, when the L-H transition power was between one and two NBI sources, i.e. higher than normal threshold levels. We previously reported [2] that the LFS injector only produced H-mode access at an NBI power between 1.6 and 3.2 MW (between 1 and 2 sources) in conditions [9] where the L-H threshold power was measured at ~ 650 kW with HFS midplane fueling, i.e. below 1 full NBI source. In that set of experiments, the required NBI power for H-mode access became similar between the two fueling locations as the gas rate was reduced, but the reproducibility was still better with the HFS midplane ), the H-mode could not be accessed at all with LFS gas puffing, even though access was maintained with the HFS midplane injector. These observations imply that the neutral density magnitude itself likely affects H-mode access criteria. Finally we note that fueling with a combination of the X-point injector and LFS injector failed to produce H-mode transitions despite obtaining similar line density of 2.4 X 10 19 m -3 at t=0.25sec, the approximate time when the transition was observed in the HFS midplane fueled discharges. for the HFS discharge) is smaller than the size of the symbol, and the location of peak emission relative to the separatrix just before the L-H transition was the same in these discharges (we note, however, that larger variations in the signal can be observed later in time due to plasma temporal evolution). It was clear that the LFS and HFS top fueling cases failed to access H-mode and resulted in shorter discharges (see Fig. 3 ). The edge rotation velocity is obtained from Abel-inversions of passive edge rotation signals of C-III light [10] . The diagnostic has a ~ 3cm edge spatial resolution and integrates over In double-null discharges, the differences between fueling from the HFS midplane and HFS top were more subtle. Discharges fueled by either injector allowed H-mode access at comparable power levels; the major difference was the location of the D a fueling light, which was centered about the midplane for midplane fueling and near the upper corner for top fueling ( fig. 2 ).
We have simulated the effect of neutral source poloidal location variation in the lower-single null configuration with a new Monte Carlo guiding center code (XGC) [11] with neoclassical and/or anomalous cross-field transport in an X-point geometry. XGC follows the guiding center particles in 3-D real space using a well-known Hamiltonian guiding center equation of motion [12] , but the electrostatic potential is assumed to be a 5 shows that the flux surface averaged main ion toroidal rotation in the experimentally relevant radii is predicted to be higher for the HFS midplane fueling than the LFS fueling cases, consistent with the analytic theory [6] . The toroidal rotation is in the co-I p direction. Fig. 6 shows that the co-I p edge toroidal rotation is predicted to be reduced in the H-mode phase, and sharply turns to negative direction close to the separatrix due to the larger negative E r in the H-mode phase. Both of these code observations are consistent with the above experimental observations.
In general a co-I p toroidal rotation is driven by the negative radial pressure gradient force (mostly density gradient force in banana-plateau regime [13] ), and a counter-I p rotation is driven by the negative E r force. From the numerical simulation, we find that the E r force, when compared with the radial pressure gradient force, becomes significant close to the separatrix only. In the absence of the neutral beam momentum input, the co-I p toroidal rotation away from the separatrix observed in Figures 5 and 6 is, thus, driven by the dominance of the radial density and temperature gradient force over the radial E r force. However, close to the separatrix, the negative E r induced by the edge effects (radial orbit excursion and neutral effects) is dominant and turns the toroidal rotation toward negative direction.
We submit that the difference in the toroidal rotation speed between the HFS and LFS fueling originates from multiple neutral particle effects. The direct neutral effect discussed in Ref. [6, 7] will make the positive toroidal rotation smaller for LFS fueling.
This effect is magnified by the fact that the computed neutral penetration is somewhat deeper with LFS fueling due to the outboard flux compression. Additionally, this deeper neutral penetration with LFS fueling makes the ambient L-mode density gradient weaker, more localizing the density gradient toward the separatrix where the negative E r effect is dominant. All these effects make the ambient positive toroidal rotation smaller for LFS fueling than HFS fueling.
Perhaps, the more relevant quantity to consider in the L-H transition may not be the toroidal rotation itself, but the E r xB shear which can be related to the toroidal rotation.
One relationship reported in the literature is again through the neutral effect in Refs. [6, 7] . However, this relationship may be more complicated in a diverted edge due to ion orbit effect in the presence of X-point, as explained in Ref. [11] . The above XGC investigations show that the L-mode E r xB shear is greater for the HFS midplane fueling than the LFS midplane fueling. This is consistent with the theoretical prediction in Refs. [6, 7] , and with the experimental observations that the H-mode transition is easier for HFS midplane fueling. The E r xB shear becomes even greater in the H-mode simulation.
We note again that the predictions shown in Figs. 5 and 6 are qualitatively consistent with the data in Fig. 3-4 , albeit with the acknowledgement that the diagnostic does not presently have the spatial resolution to measure the radial structure of the predicted velocity. On final point to note was that the numerical results in fig. 5 -6 represent main ion rotation, whereas the measurements were for the C2+ ion. Previous experiments [14] in DIII-D helium discharges have shown that the impurity rotation could be different from the main ion rotation. Hence a set of XGC code calculations was done which confirmed that, for the NSTX edge conditions, the C2+ rotation had qualitatively the same relative changes as the deuterium to the gas fueling location and the L-mode vs. Hmode final state. In those calculations the carbon 2+ was introduced as a trace impurity ion in the fixed background plasmas obtained from each of the three previous XGC calculation of main ion transport. Note that these simulations do not attempt to explore the dynamics of the transition itself, but rather the pre-and post-transition states.
In summary, we have conducted experiments to test the effect of gas injector location on H-mode access and quality. We find that HFS midplane fueling leads to the most reproducible access in lower-single null discharges with an obviously lower L-H threshold power. The edge rotation measurements are qualitatively consistent with an analytic theory and Monte Carlo transport calculations. In double-null configuration, Hmode access is equally well achieved by HFS midplane or HFS top corner injection, which may be due to improved trapping of gas along the inboard boundary in doublenulls.
This experiment, combined with a theoretical modeling, is clearly only a first step to understanding the effect of the fueling location on H-mode access and power thresholds, and it is clear that additional work is required in several areas. For example, we note that the edge rotation prior to the transition is in the co-I p direction and it reverses strongly after the L-H transition. In other words the LFS fueling produced a less positive edge rotation, which is closer to the final negative rotation in the H-mode state. Hence it appears that the important parameter is probably not the rotation itself, but probably its gradient as discussed earlier in relation to the ExB shear close to the separatrix. An upcoming experiment will investigate specifically this point.
In addition, the degree to which the poloidal dependence of the fueling source can be affected by the gas puff location, however, requires extensive neutral density measurements. At a minimum the neutral density distributions need to be measured at the inner and outer midplanes, as well as the X-point regions. Such measurements would allow an assessment of the importance of local and main chamber recycling/fueling, as compared with divertor fueling in the vicinity of the X-point regions.
Figure captions
1 -gas injector locations in NSTX.
-visible light emission (unfiltered) during fueling from different poloidal locations.
Circles highlight the regions of enhanced emission. 
The HFS top and LFS fueling discharges did not undergo an L-H transition, as
shown in the D a (f).
-comparison of edge toroidal rotation for discharges fueled from fig. 3: the HFS midplane (black-solid and green-dash-dot-dot), the outboard side (blue-dashed), and HFS top (orange-dash-dot). The edge rotation was marginally higher for the HFS midplane discharge which exhibited an H-mode transition (time indicated by the vertical bar). Data in the vicinity of large ELMs and reconnections are not plotted
because the boundary shape is affected, changing the relation between the vieweing chord and the separatrix.
-comparison of predicted toroidal rotation with HFS midplane (inside) and LFS
(outside) fueling with the XGC code.
-comparison of predicted toroidal rotation in H-mode and L-mode phases of HFS
midplane fueling with the XGC code. 
